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論 文 内 容 要 旨          
 
Nowadays, most widely used electric cables, polyvinyl chloride (PVC) covering copper wires, bring about 
a hard task of waste cables disposal from end-of-life vehicles and waste electrics and electronic equipment in 
many countries including Japan. Thin waste cables could not be recycled in high purity of PVC covering and 
Cu by current separation techniques such as peeling and nugget process. Herein, two processes combining 
chemical and mechanical methods were developed to separate PVC and Cu for recycling waste electric 
cables. As Fig. 1 showed, the process 1 composed of plasticizer extraction and ball milling was introduced to 
recycle Cu, PVC covering and plasticizer simultaneously. And the process 2 combined PVC swelling and 
centrifugal approach was 
introduced to recycle de-plasticized 
PVC or plasticizer-imbedded PVC 
individually with Cu in two solvent 
systems. Both of two processes 
recycled PVC and Cu with high 
separation rate (Rsep) and purity in 
their original forms.  
 PVC coverings typically contain plasticizers for flexibility. As such, PVC cables become brittle after 
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Fig. 1. Schematic representation of two processes  
plasticizer extraction, causing them to be easily crushed by 
physical impact. Diethyl ether (δd = 14.5, δp = 2.9 and δh = 
4.6), which has close Hansen solubility parameter (HSP) 
values with DINP (δd = 16.6, δp = 6.6 and δh = 2.9), 
achieved full plasticizer extraction by Soxhlet- extraction 
for 300 min. Furthermore, influences of extraction yield 
(Yext) of DINP on PVC-Cu separation rate (Rsep) are 
summarized in Fig.2. The maximum Rsep of 77% with Cu 
purity of >99% was achieved from the 100% extracted 
2.1-mm PVC cables after 6 h ball milling with 10-mm balls. 
On the other hand, 2.7-mm cables required longer ball milling 
time (18 h) and resulted in lower purity of Cu (PCu) (98%).  
Further investigation of the process 1 was conducted with 
the enlarged ball sizes and optimized experimental conditions 
to improve the separation efficiency. Employing the 15-mm 
balls drastically shortened the milling time for full separation 
of different cables with high PCu (Fig.3). Moreover, it was 
found that cracks formed from the edge to the center of PVC, 
thus Cu could slip out from the covering of PVC and be 
separated. As the DEM simulation showed, larger impact 
energy from bigger balls are necessary to make the effective 
cracks on the thicker cables. But, more impact energy is 
wasted during ball milling between larger balls and thinner 
cables. Therefore, 15-mm ball shows the highest utilization 
rate of impact energy on crushing cables in 1.5~2.7-mm 
diameters (Fig. 4). Based on these results, a moderate ball 
size and shorter cable length should be used for specific cable 
in order to improve the time and energy efficiency.  
Fig. 4. Comparison of utilization rate  
Fig. 2. Relationship between Yext and Rsep 
Fig. 3. Rsep changed with ball milling time 
Fig. 5. RED values and Rswel of different solvents  
Herein, the process 2 (Fig. 1), the combined PVC 
swelling and centrifugal approach, was developed. 
Firstly, some common organic solvents were selected to 
test the swelling ratio of PVC (Rswel). The 
experimentally obtained Rswel are higher with lower 
values of relative energy difference (RED) of HSP 
between PVC and solvents (Fig. 5). Therefore, acetone, 
ethyl acetate (EA), 1,4-dioxane，p-xylene  and DMSO, 
which shows higher Rswel, were selected to reveal the 
possibility of separation of PVC and Cu by using a magnetic 
stirrer. Acetone showed the best performance for PVC and 
Cu separation, resulted in full separation, while >90% DINP 
was undesirably extracted. Therefore, water insoluble 
dichloromethane (for PVC swelling) and water (for blocking 
plasticizer elution) were mixed together, resulted in almost 
full separation with < 4% Yext of plasticizer (Fig. 6). Thus, 
the process 2 successfully recovered Cu and plasticizer-imbedded PVC from electric cables.  
Separation of cables was achieved by stirring in DCM/water but DCM was not a green solvent. Hence, 
selection of a greener solvent was carried out among esters with low boiling point to replace DCM. Butyl 
acetate (BA), which has higher Rswel and lower solubility in water, was selected as the best organic solvent to 
mix with water for process 2. Then, experimental conditions were optimized for separating cables in mixture 
of BA and water and good results was achieved. So butyl acetate is effective to make PVC swollen enough to 
get separation of Cu and plasticizer-imbedded PVC by centrifugal approach and high stirring speed enhances 
the separation efficiency. 
Two kinds of separation processes combined chemical and mechanical methods were developed to recycle 
thin electric cables. Both of two processes achieved fully separation of Cu and PVC in their original forms 
with high purity. Also, PVC could be reused in two ways: one is contain plasticizer and the other is without 
plasticizer. 
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